Polymer electrolyte membranes (PEMs) composed of poly(vinyl alcohol) (PVA), modified PVA polyanion containing 2 mol% of 2-methyl-1-propanesulfonic acid (AMPS) groups as a copolymer and sulfosuccinic acid (SSA) were prepared by solution blending. The PEMs of various AMPS and SSA contents (C AMPS and C SSA , respectively) and crosslinking conditions were prepared to determine the effect of sulfonic acid group contents and crosslinking conditions on PEM properties. Proton conductivity and methanol barrier property through the PEMs increased with increasing SSA content and have maximum value at respective SSA contents. The proton permeselectivity of the PEM , which is defined as the ratio of the proton conductivity to the permeability coefficient of methanol, gave a maximum value of 190×10 3 S cm -3 s. The value is about 4 times higher than that of Nafion 117.
INTRODUCTION
Direct methanol fuel cells (DMFCs) using polymer electrolyte membrane are one of the most attractive power sources for various applications, from vehicles to portable utilities (personal computer, mobile phone and so on). Because DMFC have higher electrical efficiencies compared to conventional heat engines, stable operation at a relatively low temperatures, simple structure [1] , and higher energy density than conventional lithium ion batteries by the use of higher concentration methanol solutions more than 30% as a fuel liquid. Most researches of DMFC are carried out on polymer electrolyte membrane. Methanol can be oxidized directly to carbon dioxide and water in a DMFC. The proton is transported through the membrane associated with water transport through the membrane. But methanol can also be transported to cathode by the electro-osmotic flow (methanol crossover), which consequently leads to a decrease in cell performance. For the improvement of a DMFC, it is necessary to reduce the methanol crossover across a membrane.
Nafion membrane, a perfluorinated sulfonated ionomer developed by DuPont, shows high proton conductivity (~0.1 S cm -1 ) at a fully hydrate state, high mechanical strength and thermal stability. Thus, Nafion membrane shows high performance in fuel cells operating moderate temperature below 90℃ and high relative humidity (RH) with hydrogen as a fuel. However, in DMFC, the perfluorinated sulfonated ionomer raise drastically decrease of the DMFC performance due to its high methanol permeability. Methanol crossover is a critical defect in DMFC application due to the methanol diffuses through the membrane to cathode and reacts at the cathode without generation of electric power.
Poly(vinyl alcohol) (PVA) is usually derived from poly(vinyl acetate), and has the advantages of hydrophilicity, high mechanical strength and high cost performance. It is known that PVA membrane has high permeation selectivity of water to alcohol. Cussler et.al. are reported that the commercial PVA membranes indicates much better methanol barrier property than Nafion membrane in pervaporation process [2] . However, the PVA membrane has poor proton conductivity as compared with Nafion membrane, due to nonexistent of negative charged ion groups, such as carboxylic acid and sulfonic acid group.
The aim of this study was to prepare PVA-based polymer electrolyte membrane for useable in DMFC. For that purpose, a blend polymer membrane consisting of PVA and poly(vinyl alcohol) / 2-acrylamido-2-methyl-1-propansulfonic acid (PVA-PAMPS) in combination with chemical cross-linking by sulfosuccinic acid (SSA). PVA shows high methanol barrier properties, and PAMPS was found to be a high proton conductor comparable to partially hydrated Nafion due to their sulfonic acid groups in its chemical structure [3] . However, their proton conducting behavior in solid state was less reported because of the high water solubility of PAMPS. Through chemical cross-linking reaction between PVA structure and SSA, the swelling property of PVA and the introduction degree of sulfonic acid group were controlled [4, 5] . The resultant membrane has the required properties of solid polymer electrolyte for DMFC, namely, low methanol permeability, good mechanical strength and high proton 
Preparation of sample membrane
Aqueous solutions containing of PVA and Polyanion, poly(vinylalcohol-co-2-acrylamido-2-methylpropane sulfonic acid), were prepared by dissolving the preweighed amount of polymer in water at 90 ℃ , changing PVA and polyanion contents. After the solution was cooled down at room temperature, the various amount of SSA was added at 5-30 % by weight to the polymer weight. Then, HCl was added at 0.1 mol dm -3 and the mixtures were stirred at room temperature. After that, the homogeneous solutions were cast onto formwork. The cast membrane was drying at 50℃ with a hot stage (NISSIN, NHP-45N). The dried membranes were heated for 30 minutes at desired temperature in vacuo. The postulated reaction mechanism of PVA and SSA is illustrated in Figure 1 . The PVA/SSA membranes were kept in water before use. The membrane thickness was in the range of 90-110 µm.
Water uptake
The water uptake absorbed in the PVA/SSA membranes was measured as follows: a membrane weighted in the dry state was immersed in an ion-exchange water at 25℃ for 24 hours. Then the membrane were taken out, tapped with filter paper to remove excess water in the membrane surfaces, and immediately weighted on a microbalance. The water content, H, was calculated from the weights in the wet state (W wet ) and in the dry state (W dry ) as 
Proton conductivity measurement
The proton conductivity in water-equilibrated membranes was determined from impedance spectra obtained on a cell formed by sandwiching a sample of the swollen membrane between two electrodes using chemical impedance analyzer (HIOKI 3532-80) under computer control. The hydrated membrane was mounted onto the cell and an AC current of 0.01 mA was applied to the cell. The conductance of the sample was obtained from an AC potential difference between the two inner electodes. The conductivity (σ) was calculated by using the following equation:
where σ is the proton conductivity (S/cm), R is the measured impedance (Ω), S is the surface area (cm 2 ) and l is thickness of the PEM samples.
Methanol permeability measurement
A diffusion cell was used to obtain the methanol permeability of the sample membrane. The diffusion cell was composed of two chambers divided by a membrane sample. One chamber of the cell (V 1 , 400cm
3 ) was filled with a 50wt% methanol solution in deionized water. The other chamber (V 2 , 100cm
3 ) was filled with water. A sample membrane (effective area 7.02 cm 2 ) was clamped between the two chambers. Methanol permeates across the membrane by the concentration difference between the two chambers. The methanol concentration in the receiving chamber under steady state and for c 2 >>c 1 (c is the methanol concentration) as a function of time is impressed by; ) ( ) ( 
Fabrication of MEA and evaluation of single cell performance
For the single cell tests of DMFC, the commercial E-TEK electrodes were employed both in the anode (Pt/Ru-C with 4 mg cm -2 , a/o) and in the cathode (Pt-C with 4 mg cm -2 ). The electrodes (5 cm 2 ) were placed on either side of the membrane. The membrane electrode assembly (MEA) was sandwiched between two transparent brass plates constituting the cell fixture by means of eight bolts. Single cell performance was measured by using a passive DMFC with various concentration methanol solutions. Methanol was Figure 1 Chemical structure of PVA and polyanion crosslinked with SSA. diffused into the anode catalyst layer from the built-in reservoir, while oxygen, from surrounding air, was diffused into the cathode layer through the opening of the cathode fixture. The single cell performance experiments were carried out at 60 ℃ and at atmospheric pressure. Cell voltage versus current density response were measured using electrochemical measuring device consisting of a potentiostat (Hokuto denko, HA-301), function generator (Hokuto denko, HB-104) and X-Y recorder (WX1000, Graphteck).
Results and Discussion

Preparation of PVA membrane crosslinked with SSA
The total water content, H, of the PVA membrane cross-linked with 15 wt% SSA as a function of annealing temperature between 90℃ and 180℃ under vacuum was measured. The total water content decreases with increasing annealing temperature. This is due partly to the increase of crosslinking points with increasing annealing temperature. The other reason for the decrease in the water content is the decrease in the hydrophilicity of PVA/SSA membrane. In the chemical crosslinking process, the hydroxyl group (-OH) of PVA and polyanion react with the carboxyl group (-COOH) of SSA as shown in Figure 1 . Thus, the number of hydroxyl group in the PEMs decreases with increasing crosslinking reaction. It means that the hydrophilicity of PEM matrix decreases with increasing crosslinking degree by heat treatment. The proton conductivity,σ, is also decreased with increasing annealing temperature. From a viewpoint of ionic charge density of PEMs, a proton conductivity of a membrane is improved with an increase of an ion-exchange capacity and a decrease of water content. In this case, the PVA/SSA membrane annealed at low temperature is considered to be partially crosslinked with SSA as compared with one at high temperature. However, the PVA/SSA membrane annealed at low temperature indicates high methanol permeability, and it is improved with increasing of annealing temperature. Hence, in order to evaluate the performance of PEM for DMFC, the proton permeselectivity, φ, is defined as the division of the proton conductivity, σ, by the methanol permeability coefficients, P. P σ φ = Although this equation alone is not sufficient to evaluate the membrane performance, it is often used to describe and compare the total performances of various membranes. The proton permeselectivity increases with increasing annealing temperature and maximum value, 63.8×10 3 S cm -3 s, is obtained at 140℃. Thus, in this experiment, the membrane were annealed at 140℃. Figure 2 shows the water content as a function of SSA content, C SSA , in the PEMs. The water content increases with increasing AMPS content, C AMPS in the PEMs because of the osmotic pressure in the PEMs increases with increasing a number of charged groups in the PEMs. The water content decreases linearly with increasing cross-linker concentration, C SSA . This means that the hydrophilicity of PEM matrix decreases with increasing C SSA , because the decreasing of hydrophilicity due to the increasing of crosslinking degree is appeared stronger than the increasing of one with increasing a number of charged groups. Figure 3 shows the proton conductivity as a function of C SSA . The proton conductivity increases with increasing C SSA because the number of proton exchange groups increases and the water content decreases, led to increase of charged density in the PEMs, with C SSA . Thus, the proton conductivity also increases with increasing C AMPS . However, the maximum proton conductivity is obtained on the PEM prepared under the conditions of C AMPS + C SSA = 7 mol% and C AMPS = 2 mol%. The increases in proton conductivity will be due to the two factors: the increase in the number and/or the effective area of proton permeable channels; and the proton mobility in the PEMs [6] . The excess decrease of water content leads to the decrease in the number and/or the effective area of proton permeable channels. Figure 4 shows the permeability coefficient of methanol as a function of C SSA in PEM. The permeability coefficient of methanol is decreases with decreasing C AMPS and increasing C SSA until around 4 mol%. In general, the permeability coefficient of methanol decreases with the decreasing water content of PEMs. However, the permeability coefficient of methanol increases again at C SSA > 4 mol%. It is presumable that the tightly crosslinked PEMs forms the methanol permeable channel due to concentrate the highly crosslinked matrix.
PVA+polyanion composite membrane crosslinked with SSA
To evaluate the performance of PEM for DMFC, the proton permeselectivity is also obtained. The proton permeselectivity in all the PEMs increases with increasing C SSA and has a maximum value. The increase of the proton permeselectivity at the first stage is due to the increase of proton conductivity and the decrease of methanol permeability with C SSA . However, at the last stage, the proton permeselectivity decreases with C SSA , because the changes of proton permeselectivity and methanol permeability with C SSA turn around. The PEM prepared under the conditions of C AMPS = 2 mol% and C SSA = 6 mol% has a good proton permeselectivity that is 4 times higher than that of Nafion 117. Figure 5 shows the performance of PEM in DMFC at 60℃. Various concentration methanol solutions is filled into reservoir. The open current voltage (OCV) is decreased with increasing of methanol concentration due to increase of methanol crossover. The OCV of PEM is higher than that of Nafion 117 in the concentration range between 2 to 23 mol dm -3 , because of the high methanol barrier property of PEM. In spite of lower conductivity, the performance of PEM is comparable with Nafion 117, due to its lower effective ionic charge density in the membrane. It may be improved by increasing of proton conductivity and preparing thin-film electrolyte membrane. Thus, PVA-base PEMs are potential candidates for DMFC application.
Performance of single cell
Conclusions
We have prepared PEMs with an inter-penetrating network structure of poly(vinyl alcohol) and poly(vinyl alcohol-co-2-methyl-1-propansulfonic acid) by varying the content of the proton exchange groups and chemical cross-linker, sulfosuccinic acid, concentration. Proton conductivity through the PEMs increases with C AMPS and C SSA , because of the increase of the effective ionic charge density due to increasing of sulfonic acid group content and decreasing of water content. Permeability of methanol through the PEMs decreases with C SSA until 4 mol%, due to the decreasing of water content. The PEM prepared under the conditions of C AMPS = 2 mol% and C SSA = 4 mol% has about 4 times higher proton permeselectivity than Nafion 117. Hence, the PVA-based PEMs are potential candidates for DMFC application. The open current voltage on the DMFC single cell is higher than that of Nafion 117 due to its lower methanol permeability. However, the power density is lower, due to the lower proton conductivity of PEMs. Further modification of sulfonic acid groups regarding its water contents by the crosslinking condition: annealing temperature and cross-linker concentration, and preparation of thin-film would be expected as a promising proton conductive membare for DMFC applications. Figure 2 
